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Abstract 

Platinum nanoparticles were nucleated in a high purity silica matrix by an ion-implantation 

method. The third-order nonlinear optical response of the samples was studied using 

femtosecond pulses at 800 nm with the z-scan technique; picosecond pulses at 532 nm using 

a self-diffraction approach; and nanosecond pulses at 532 nm employing a vectorial two-

wave mixing experiment. Nanosecond and picosecond explorations indicated an important 

thermal process participating in the optical Kerr effect evaluated. However, femtosecond 

results allowed us to distinguish a purely electronic response, related exclusively to ultrafast 

refractive and absorptive nonlinearities. Femtosecond experiments pointed out the possibility 

to switch the dominant physical mechanism responsible for the nonlinear optical absorption 

in the sample. This opens the potential for controlling quantum mechanisms of optical 

nonlinearity by femtosecond interactions. 

 

Keyword: Nonlinear Optics; metallic nanoparticles, ion-implantation; Surface Plasmon 

Resonance. 

 

1. Introduction 

Current trends in the development of low-dimensional systems have been importantly shaped 

by the convergence between ultrafast functions and nanotechnology. Modern integration of 

a large variety of nanostructures has provided revolutionary possibilities for the progress of 

nonlinear optics and materials science [1]. Metallic nanoparticles (NPs) are attractive for 

biomedical and telecom applications in regards to their fascinating and selective effects 



ordinarily associated with their Surface Plasmon Resonance (SPR) [2]. Plasmonic NPs can 

be synthesized with specific shape and size according to diverse chemical or physical 

methods that open up possibilities for engineering multidisciplinary applications [3]. It is 

remarkable that ion-implantation techniques are particularly useful for designing micro- and 

nano-electronic devices taking into account their potential for preparing nanoparticle 

distributions systematically controlled by MeV energies and irradiation conditions [4,5]. 

Platinum NPs (PtNPs) mainly differ from other important noble metal NPs because of their 

unique SPR absorption band located in the ultraviolet region of the electromagnetic spectrum, 

[6] yielding composites that are transparent throughout the visible. Chemical stability and 

high melting temperature of PtNPs have motivated for manufacturing these nanomaterials to 

enhance the sensitivity of advanced detectors [7]. Besides, the powerful photocatalytic 

activity related to PtNPs makes them suitable for both sensing and instrumentation of other 

elements in nanobiomedicine [8]. The capability of quantum confinement of ultraviolet 

energy by the SPR action exhibited by PtNPs can be an important advantage to design single-

photon devices [9]. Third-order nonlinear optical phenomena that concern to the PtNPs 

behavior seem to be strong enough for future prospects that include all-optical operations 

[10], sensing mechanisms [11], tracking tools in medicine and biology [12], and waveguiding 

[13]; among other applications. With these considerations, quantum interactions related to 

high-energy photons driven by PtNPs can be also envisioned to play a key role in 

measurement and information processing [14]. Here we report an attempt to further explain 

the off-resonance nonlinear optical behaviors exhibited by PtNPs. The ion-implanted 

samples were nucleated in high-purity silica plates. In order to investigate the absorptive and 

refractive optical nonlinearities of the nanocomposites, third-order nonlinear optical 

measurements were undertaken by using nano-, pico- and femto-second pulses. The 



combination of high transparency, and large nonlinear response of these PtNPs composites 

makes them attractive for all-optical signal processing applications. 

2. Experimental 

2.1. Sample preparation 

PtNPs were prepared by ion-implantation using the 3MV Tandem accelerator (NEC 9SDH-

2 Pelletron) facility at the Instituto de Física of the Universidad Nacional Autónoma de 

México [15]. A high-purity Silica substrate (suprasil 300) was implanted as a matrix exposed 

to 1.9 MeV Pt ions with a fluence of 1.11x1016 Pt/cm2. A thermal annealing process after 

implantation was carried out in the as-implanted sample with 600°C in a reducing atmosphere 

based on Nitrogen. By using Rutherford Backscattering Spectrometry (RBS) with 2MeV 

4He++ beam, the concentration and depth profile of the implanted Pt in the sample was 

measured. Nanoscopic studies were performed by the assistance of a FEI TECNAI F30 

Transmission Electron Microscope (FEG-TEM 300kV) in scanning mode (STEM) with a 

HAADF detector (Z-contrast). Spectroscopic evaluations were conducted with a Varian Cary 

5000 UV-VIS spectrophotometer. All the setups for nonlinear optical measurements were 

previously calibrated with a standard CS2 sample contained in a quartz cuvette with 1 mm of 

optical path. 

 

2.2. Femtosecond z-scan experiments 

A Ti:sapphire laser system with λ =800 nm, 80 fs pulses, and a repetition rate at 94 MHz was 

employed to study the third-order nonlinear optical parameters by the z-scan technique [16]. 

The pulses were focused with a lens to produce a Gaussian beam with a 47 μm waist Full 

Width Half Maximum (FWHM) that was employed in both the open- and closed-aperture 



configurations of the z-scan. In the open-aperture z-scan, a detector located in the far-field 

measures the transmittance of the sample, as its position is scanned through the focal plane 

of the beam. Since the irradiance changes with sample position z, the technique will detect 

changes in transmittance due to nonlinear absorption. For the closed-aperture z-scan, an 

aperture is now placed in front of the detector, so that curvature chances in the beam, induced 

by nonlinear refraction in the sample, can be translated into transmittance changes. In this 

way, the closed-aperture z-scan is sensitive to nonlinear refraction, although it is still 

sensitive to nonlinear absorption if it is present in the sample. The normalized transmittance 

as function of sample position z for the open z-scan measurements can be approximately 

written as [16]: 
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where β represents the nonlinear optical absorption coefficient, and Leff is the effective length 

given by Leff =(1-e-α0
L)/α0, where L is the actual sample thickness, and αo is the linear 

absorption coefficient.  

In a similar way, for a Gaussian beam with waist radius wo, the normalized 

transmittance T through the aperture, also as function of sample position z, in terms of the 

on-axis nonlinear phase ΔΦo , can be approximately written as [16]: 
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λ= , and λ the laser wavelength, all in free space. In addition, 

the peak nonlinear phase change ∆Φ0 is given by: 

o o effk n L∆Φ = ∆ ,     (3) 



 

here ∆n0=n2I0 represents the on-axis maximum refractive index change, where n2 is the 

nonlinear refractive index, and I0 is the peak on-axis irradiance at focus. 

 

2.3. Picosecond self-diffraction measurements 

A degenerated two-wave mixing experiment was used to identify the physical mechanism 

responsible for the nonlinear refractive index [17]. The second harmonic emerging from a 

Nd:YAG laser system (EKSPLA) with pulse duration of 25 ps was the optical source for 

performing the measurements. The incident probe and pump beams at 532 nm wavelength 

were linearly polarized and adjusted to present an irradiance relation of 1:2. These beams 

were focused on the sample with their propagation direction making an angle θ of 10°, had a 

spot size close to 0.1 mm with total incident pulse energy of 55 µJ, at a 1 Hz repetition rate. 

The polarization of the probe beam was fixed while the polarization of the pump beam was 

rotated by using a half-wave plate. As a consequence of the interaction, two self-diffracted 

beams are produced going in the forward direction, at angles θ outside of each incident beam 

direction. The self-diffracted energies were acquired by using a PIN photodetector.  

The approximate amplitudes of the transmitted, and self-diffracted fields were 

calculated considering [17]:    
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where the right and left circular components of the electric field are E+ and E- ; respectively. 

The optical frequency is ω and the refractive index was approximated [17] 
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where (3)
1122A χ=  and (3)

1212B χ=  are the elements of the third-order susceptibility tensor, and n0 

is the weak-field refractive index. 

 

2.4. Nanosecond Optical Kerr Gate evaluations 

Similarly to the picosecond experiments, nanosecond experiments were carried out by using 

a two-wave mixing configuration. However, since nanosecond irradiances may produce 

ablation before the observation of a self-diffraction effect, in this case we just analyzed the 

modification of the polarization of the probe beam by the induced birefringence originated 

by a pump beam in an Optical Kerr Gate experiment [17]. The 532 nm pulses provided by 

the second harmonic of a Nd-YAG laser system (Continuum Model SL II) with 4 ns pulse 

duration were employed as the optical source for the nanosecond nonlinear optical 

experiments. The probe and pump beams were linearly polarized and they had their 

propagation vectors making a 15o angle. The maximum energy of the pump beam was 75 mJ 

per pulse and the probe beam was represented by a 10 nJ pulse. The initial beam waist for 

the pump and probe beams corresponded to 6 mm and 1 mm; respectively. The polarized 

irradiance of the probe-beam transmitted in the optical Kerr gate was measured with a PIN 

photodetector after the orthogonal component of the transmitted polarization passed through 

an analyzer. The third-order optical susceptibility was estimated for different conditions of 

focused pump beam taking into account the irradiances that correspond to the linear 

polarization components of the electric field described by Eq. (4). 

3. Results and Discussions 

3.1. Nanoparticle characterization 



RBS results revealed that the Pt distribution in the sample correspond to a Gaussian profile. 

The location of the Pt implanted ions can be associated to a spatial region confined in an 

interval of about 700 nm with a peak in about 650 nm from the silica surface. The FWHM of 

the profile distribution was estimated to be extended approximately 200 nm. 

 

Figure 1a shows a TEM image of the sample. The bright points represent the ion-implanted 

PtNPs with an approximated average size close to 1 nm. Figure 1b illustrates the UV-vis 

spectrum of the sample studied. The fit was performed by using the Mie theory with a 

standard deviation σ= 0.3 nm and the average diameter of the NPs <D> = 1.2 nm. From the 

absorbance data plotted can be clearly observed that the nanocomposites are quite transparent 

in the visible region of the spectrum and their maximum absorption takes place in the UV 

region of the spectrum. The peak of the absorption band of the SPR of the PtNPs can be 

usually detected near 280 nm; in our graph there is just a slight modulation of the curve below 

300 nm; it could be a consequence derived from the small size of the NPs as it has been 

previously reported [15]. 

 

[Figure 1] 

 

 

 

3.2. Femtosecond z-scan studies at 800 nm 

The open-aperture results obtained using femtosecond pulses at 800 nm for two different 

irradiances, 44 and 109 MW/cm2, are shown in Fig 2a, and Fig. 2b, respectively. In both 

cases the presence of two different nonlinear absorption mechanisms can be clearly seen: for 



low irradiance values, i.e. sample positions away from the focal plane, the transmittance 

decreases, indicating that an induced (or reverse saturable) absorption process (such as two-

photon absorption for example) is present. For positions near the focal plan (z≈0) the 

transmittance increases, the indication of a saturable absorption process, so the nonlinear 

response is a combination of the two processes. 

 

 [Figure 2] 

 

This behavior of the open aperture transmittance cannot be properly modeled by the 

conventional theory resulting in expression (1) [16] for obtaining the nonlinear optical 

absorption coefficient. For such a case, with two superimposed processes, the theory 

proposed in reference [18] can be used, where they have considered the following equation 

for the nonlinear absorption coefficient β: 
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where βRSA and βSA represent the reverse saturable absorption (RSA) coefficient (β > 0 ), and 

the saturable absorption (SA) coefficient (β < 0 ), respectively. The values Is
RSA and Is

SA 

represent the saturation intensities of both nonlinear optical absorption processes. Herein, the 

values used to generate the best fitted curve in Fig. 2a and 2b, are presented in Table 1.  

 

Table 1 Optical parameters to fitted curves for the femtosecond nonlinear absorption 

processes. 

 



Is
SA  (W/cm2) (2 ± 0.2) ×107 

Is
RSA  (W/cm2) (1.2 ± 0.12) ×107 

βSA (cm/W) (-9.69 ± 2.21) ×10-5 

βRSA (cm/W) (14.355 ± 0.3) ×10-5 

β(I) (cm/W) (4.6650 ± 0.8) ×10-5 

 

The closed aperture z-scan results at the same irradiances are shown in Fig. 2c for a 44 

MW/cm2 irradiance, and in Fig. 2d for 109 MW/cm2. In both cases, the signature of a positive 

nonlinear refractive index n2 can be clearly seen, a pre-focal (z<0) transmittance minimum 

followed by a post-focal (z>0) transmittance maximum. The actual transmittance change 

measured is quite small; nevertheless discernable with a good signal-to-noise ratio. Given 

the very small transmittance changes measured, the fit to the closed-aperture results is made 

using the usual irradiance dependence for the refractive index n: 

n(I)=n0+n2I,          (8) 

where n0 is the linear refractive index, and n2 is the nonlinear refractive index introduced in 

(3), which is proportional to Reχ(3). In this case, we can use expression (2) to perform the 

fitting. Fitting the data at both irradiances results in n2=(6.41 ± 0.75)×10-11cm2/W, where the 

error estimation stems from the differences in the fits for each irradiance.  

In this case, since linear absorption at the laser wavelength is negligible, this response can be 

explained by a two-photon absorption process dominant at lower irradiances, followed by 

excited-state absorption by the carriers created by two-photon absorption, that becomes 

important for higher irradiances. It is an interesting feature being able to shift from one 

process to the other by changing the input irradiance. The n2 value determined is five orders 



of magnitude larger than that of silica (3.2 x 10-16 cm2/W [17]), which combined with its 

transparency in the visible, makes it interesting for all-optical switching applications. 

 

3.3. Picosecond two-wave mixing with self-diffraction at 532 nm 

The results for the picosecond two-wave mixing experiments are shown in Fig. 3, which plots 

the forward self-diffracted signal as a function of the angle between the polarizations of the 

two beams. The reproducibility of the data was corroborated by the exploration of different 

regions studied in two comparative samples fabricated by similar conditions of preparation. 

The results show the signature of a thermal nonlinearity, a self-diffracted signal that goes to 

zero for θ=90°, i.e. for the case when both polarizations are orthogonal to each other [20]. In 

this case, the interference of the two beams does not produce either an absorption or refractive 

index grating, but rather a polarization modulation. A thermal response will not result in an 

induced birefringence, and thus the self-diffractive signal for θ=90° will be negligible. The 

absence of a signal in the experimental results at this angle, indicates then that the only 

significant component of the response observed is thermal in origin. Figure 3 shows the fit 

to the data made using expressions (4) and (5), and from which the value of the third-order 

nonlinear optical susceptibility value ( )3
effχ =2.9×10-10esu was extracted. 

 

[Figure 3] 

 

3.4. Nanosecond Optical Kerr Gate at 532 nm 

In order to comparatively analyze the picosecond nonlinear optical response at 532 nm by a 

different pulse duration interaction, nanosecond experiments were undertaken and the results 



are shown in Fig. 4. The transmitted probe irradiance in the plot of Fig. 4 corresponds to 

Optical Kerr Gate measurements. In absence of a pump beam, a null transmitted probe signal 

is detected in this experiment; however Fig. 4 illustrates that is possible to generate a 

modulation of the polarization of the probe beam that can be detected as a function of the 

polarization of the pump beam in propagation through the sample. When the planes of 

polarization of pump and probe beam are parallel or orthogonal (0 o and 90o in the plot; 

respectively), the induced refraction just generates changes of phase in the probe signal but 

no modification in polarization. The smooth and highly symmetric vectorial behavior 

exhibited by the sample points to a homogeneous distribution of the quasi-spherical NPs in 

the sample as it was confirmed by spectroscopic measurements monitoring the absorption 

spectrum for the sample in geometrical rotation. Each point in the plot is related to the 

average of 20 laser shots. The magnitude of ( )3
effχ =3.17×10-9esu was calculated for the 

nanosecond regime by using Eqs. (4) and (5). The ( )3
effχ value obtained by nanosecond pulses 

is approximately one order of magnitude higher that the same parameter for picosecond 

pulses that may be explained by considering a different contribution of a thermal mechanism 

for the nonlinear refraction at different pulse duration. 

[Figure 4] 

Considering that the third-order nonlinear optical response of Silica can be negligible in 

comparison to the PtNPs contribution, it is assumed that the evolution of the third-order 

nonlinear optical behavior can be attributed to the exclusive participation of the PtNPs.  It 

has been previously reported that plasmonic effects can give origin to an important 

enhancement of the nonlinear optical response of the material [21]. Moreover, it is well-

known that laser induced nonlinear excitation of collective electron motion also produce the 



possibility to improve optical effects [22]. Cooperative nonlinear optical properties of 

disordered plasmonic materials also involve the modification of the optical and physical 

behavior [23]. Regarding the versatility of PtNPs to present different mechanism of optical 

nonlinearity under fast and ultrafast pulses, we contemplate the possibility to use Pt 

nanocomposites as a platform for developing diverse all-optical functions.  

4. Conclusions 

The cooperative third-order nonlinear optical response exhibited by ion-implanted PtNPs in 

Silica was analyzed for nano-, pico-, and femto-second pulses. The dominant mechanism 

responsible for the nonlinear optical absorption in the sample seems to be sensitive to the 

femtosecond irradiation conditions. Picosecond self-diffraction results confirmed an 

important contribution of thermal effects for the nano- and pico-second optical Kerr effects 

observed. Femto-second z-scan results allowed us to distinguish the evolution of the 

electronic behavior of the third-order optical nonlinearities from saturated absorption to two-

photon absorption with dependence on the irradiance conditions. Taking into account the 

possibility to control the ultrafast optical absorption in a quantic fashion, potential 

applications for developing all-optical discrete operations in Pt nanostructured systems can 

be contemplated. 
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Figure Captions 

Figure 1. (a) TEM image of the ion-implanted PtNPs embedded in Silica. (b) UV-vis 

spectrum of the sample. 

Figure 2. Femtosecond z-scan results at 825 nm in PtNPs embedded in Silica (a) open 

aperture configuration 44 MW/cm2 (b) open aperture configuration 109 MW/cm2 (c) closed 

aperture configuration 44 MW/cm2 (d) closed aperture configuration 109 MW/cm2. The 

http://iopscience.iop.org/journal/0953-4075
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http://iopscience.iop.org/volume/0953-4075/36


experimental data are plotted as marks while the numerical fits are presented through solid 

lines. 

Figure 3. Picosecond self-diffraction vs angle of polarization of the interacting beams in the 

samples studied. 

Figure 4. Nanosecond nonlinear optical probe transmittance vs angle of polarization of the 

interacting beams in the samples studied by an optical Kerr gate. 
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Figure 1b 

 

 



 

 

 

 

 

 

 

Figure 2a 
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Figure 2b 
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Figure 2c 
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Figure 2d 
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Figure 3 



 

 

 

 

 

 

 

 

 

Figure 4 
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